• Runx proteins and Cbfβ are required for the development of dendritic cells, which can be rescued by Irf8.
(Ikaros), Gfi1, and Cebpa 4, 5 .
The Runx family of transcription factors plays key roles in the development of HSCs, lymphocytes and megakaryocytes [6] [7] [8] [9] . The Runx family consists of three alpha subunits, Runx1, Runx2, and Runx3, and one beta subunit, Cbfβ, which functions as the obligatory dimerization partner for each alpha subunit to form DNA-binding complexes. Alteration of Runx1 or Cbfβ function caused by chromosomal translocations is frequently found in human acute myelogeneous leukemia (AML) 10 , while Runx3-deficiency has been implicated in myeloproliferative diseases (MPDs) in aged mice 11 . Although Runx1 is essential for HSC formation from hemogenic endothelial cells during embryogenesis, conditional deletion of Runx1 in HSCs neither influences the survival of mice nor the maintenance of long-term HSCs 12,13 . By contrast, Runx1 is required for the development of B and T lymphocytes and megakaryocytes [14] [15] [16] [17] , suggesting that it functions in cell fate decisions during BM progenitor differentiation. While Runx1 is essential for the development of Pro-B cells and double negative thymocytes 14, 16, 17 , its requirement in early BM progenitors has not been defined. Furthermore, , rescues defective DC differentiation. These findings suggest that the Runx-Irf8 axis is critical for DC lineage differentiation and the prevention of MPD by restricting the granulocyte lineage.
Methods

Mice
C57BL/6 and B6-CD45.1 (B6-Ly5.2) mice were purchased from the National Cancer Institute. Cbfb F/F mice except for a small increase in the GMP frequency in BM (supplemental Table 1 ).
Cbfb-flox (Cbfb tm1Itan
For personal use only. on July 16, 2017. by guest www.bloodjournal.org From For analysis of samples from Runx1-CKO mice, tissues were collected at University of Pennsylvania and shipped overnight in complete media one day before the analysis at Washington University. Control tissues from control Cbfb-CKO mice were prepared one day before analysis and kept in complete media at 4 ºC overnight at Washington University. All mice were maintained on a C57BL/6 background. All experiments were performed according to protocols approved by Washington University's Animal Studies Committee and the University of Pennsylvania's Animal Resources Center.
Generation of mixed BM chimeras
BM cells from WT (CD45.1/2 or CD45.1) and those from either Vav1-iCre
2) were mixed at a 1:4 ratio and a total of 1 x 10 7 mixed BM cells were intravenously transferred to lethally irradiated (10 Gy) B6-CD45.1 or CD45.1/2 recipients. The recipients were fed with sulfamethoxazole-trimethoprim containing drinking water for 4 weeks.
Hematopoietic reconstitution by donor cells was examined five to six weeks after transplantation.
Flow Cytometry
Fluorescently labeled monoclonal antibodies were purchased from eBioscience or Biolegend.
Samples were analyzed with FACS CantoII, LSRII, or LSR Fortessa cytometers (BD Biosciences), and data analyzed using Flowjo (Tree Star). Cell sorting was performed with FACS Aria II (BD Biosciences).
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Cell culture
Total BM cells were cultured in IMDM/10% FBS supplemented with GM-CSF (Peprotec) or Flt3L as previously described 24 . DC differentiation was assessed on days 7 or 8, respectively. For retroviral transduction, BM cells were cultured in the presence of Flt3L and SCF (10 ng/ml, Peprotec) for 3 days, then cultured with Flt3L for 7 days. Retroviral supernatant was prepared by transfecting PlatE packaging cells 25 using TransIT (Mirus Bio) and concentrated by centrifugation at 21,000g for one hour at 4 ºC. Concentrated retroviral supernatant was added on day 1 of culture and kept for 2 days in the presence of 2 μg/ml polybrene (Sigma). Clonal assays were performed as previously described 26 . 27 . Raw data have been deposited to GEO with an accession number GSE55227. CEL files for GMP (GSM791119, GSM791120, GSM791121) and MDP (GSM791105, GSM791106, GSM791107) subsets generated by Immunological Genome Project 28 were used to make "GMP-specific" and "MDPspecific" gene lists. For qRT-PCR analysis, RNA was purified from separately sorted GMPs using Trizol (Life Technologies), and cDNA was prepared using qScript cDNA Supermix
Gene expression analysis
For personal use only. on July 16, 2017. by guest www.bloodjournal.org From (QuantaBio). Quantitative real-time PCR was performed with DyNAmo SYBR Green qPCR Kit (Thermo Scientific) and LightCycler 480 (Roche). The following primers were used:
GAGGGAGACTCCAGCTACAAGA, (R) TGTCTACACCCTGACTGGAGAA.
Statistical Analysis
Data from multiple independent samples were analyzed with Prism 5 (GraphPad) and significance of statistical difference was tested using unpaired two-tailed Student's t-test, unless otherwise specified.
Results
Cbfb is essential for DC development
To determine the requirement for Cbfb in hematopoietic progenitor differentiation, we conditionally deleted Cbfb in HSCs using a Vav1-iCre deleter (Cbfb-CKO). While germline deletion of Cbfb or Runx1 results in embryonic lethality and a complete lack of definitive hematopoiesis [6] [7] [8] [9] , Cbfb-CKO mice were viable and showed no gross phenotypes until 6 weeks after birth. In addition to the previously reported defects in B and T cell differentiation Figure 1E-F) . cDCs were also severely reduced in peripheral tissues such as the lung, small intestine lamina propria and kidney in Cbfb-CKO mice ( Figure 1C ). Since DCs can be generated from BM cells supplemented with GM-CSF or
Flt3L in vitro
29
, we next determined whether Cbfb is required for DC differentiation in vitro.
CD11c
+ MHC-II + DCs were generated from control BM in the presence of either GM-CSF or Flt3L ( Figure 1G-H 
Development of severe anemia in Cbfb-CKO mice
Despite a severe reduction of CD105 + erythroid progenitors, Cbfb-CKO mice did not show gross defects at birth. At six to eight weeks of age, they had only slightly reduced hemoglobin levels and red blood cell (RBC) and white blood cell (WBC) counts in the peripheral blood ( Figure   4A ). However, at 12 to 16 weeks of age, Cbfb-CKO mice developed severe anemia and died around four months of age. These mice likely succumbed secondary to progressive anemia but also possibly from infection or hemorrhage due to pancytopenia ( Figure 4A We also observed marked cellular infiltration around the portal veins in the liver in both 6 to 8-week-old and 12 to 16-week-old Cbfb-CKO mice ( Figure 5H ). In addition to aberrant surface marker expression on progenitors, Cbfb-CKO HSCs also showed skewing towards myeloid differentiation at a clonal level ( Figure 5I ). These results suggest that a loss of Cbfb causes premature myeloid differentiation at an early stage between HSCs or MPPs and GMPs, resulting in a pre-leukemic state.
Irf8 restores DC differentiation from Cbfb-CKO BM progenitors
To understand the molecular mechanism by which Runx proteins and Cbfβ regulate cell fate decisions in BM progenitors, we purified LSK cells and GMPs from Cbfb-CKO and control mice and performed gene expression analysis. We identified 366 and 300 probe sets showing >3-fold differences in LSK or GMP, respectively (Figure 6A, supplemental Tables 2, 3 ). Consistent with the observed GMP-skewed differentiation, the gene expression profile of Cbfb-CKO LSK cells was also skewed towards that of GMPs rather than MDPs. We identified GMP-and MDPspecific genes by comparing Immgen datasets 28 and compared the expression of these genes between Cbfb-CKO and control LSK cells. The majority of "GMP-specific" genes, including
Cpa3, Hdc, Itga2 and Slc7a8, were upregulated, while a large number of "MDP-specific" genes, such as Flt3, Dntt, Dpp4 and Gria3, were downregulated in Cbfb-CKO LSK cells compared to control cells ( Figure 6B ). Among transcription factors that were differentially expressed between
Cbfb-CKO and control LSKs or GMPs, Irf8 plays a key regulatory role in DC versus granulocyte 
Disclosure of Conflicts of Interest
The authors have no conflicting interests to disclose. For personal use only. 
